A cell wall complex has been isolated by gentle methods from both the medium supernatant fluid and whole organisms of Neissieria meningitidis cultures. The two types of preparations have been shown to be essentially identical on the basis of chemical composition, electron microscopy, and polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE). Four major components were identified in the complex: group-specific polysaccharide (4 to 10%), protein (45 to 65%), lipopolysaccharide (10 to 25O), and lipid (15 to 30%). The whole complex was found to be immunogenic in rabbits and to elicit production of antibody directed against the protein, the group-specific polysaccharide, and the lipopolysaccharide components. The isolated protein component was also found to be immunogenic in rabbits and to elicit production of serotype-specific antibody. The protein component was found to produce a band pattern in SDS-PAGE that is simple, reproducible, and strain dependent. The lipopolysaccharide component was found to have chemical and biological properties characteristic of bacterial endotoxin. We propose that this complex is representative of the outer trilaminar membrane of the meningococcal cell envelope in its native state.
Three major classes of meningococcal cell surface antigens have been described: serogroupspecific polysaccharides, serotype-specific proteins, and lipopolysaccharides. The most widely accepted serological classification for Neisseria meningitidis is based on the group-specific polysaccharide as expressed in bacterial agglutination tests (10) . The polysaccharides of the major serogroups have been purified and analyzed both chemically and serologically (7, 15, 16) . More recently, Roberts (27) , Gold and Wyle (6) , and Frasch and Chapman (5) , by utilizing the bactericidal reaction, have demonstrated antigenic diversity within the serogroups. Strain variation within serogroups B and C has also been demonstrated by Kingsbury (12) and Counts et al. (3) by means of bacteriocin reactions. These serotype antigens are not group-specific but have been found to be shared across serogroup lines (Kasper et p. 89, 1972) . The presence of antilipopolysaccharide antibody in antisera to whole meningococci has been demonstrated by Mergen- hagen et al. (20) , but the role of lipopolysaccharide (LPS) antigens in the serotyping schemes that have been reported is not clear. Little is known about this class of antigen in N. meningitidis.
The total antigenic structure of a given strain must be a composite of these three classes of antigens plus any which remain unidentified. To understand the complete antigenic makeup and diversity of N. meningitidis strains, it is essential to understand the immunochemical properties of each class of antigen separately as well as any immunochemical properties arising from the association and interaction of the different classes of antigen. Such an understanding is important in relation to microbial structure, serological classification, and development of effective vaccines against the organism.
Two prerequisites for conducting the immunochemical studies needed to gain this understanding are (i) the development of procedures for the isolation, identification, and purification of the separate classes of antigen and (ii) isolation of subcellular structures which contain the different antigens in their native association and configuration. Adequate methods have been described for the preparation of purified, group-ZOLLINGER ET AL. specific polysaccharide and lipopolysaccharide (7, 40), but adequate methods for obtaining purified, type-specific protein antigens have not been described.
Lipopolysaccharide-lipid-protein complexes have been isolated by gentle methods from Escherichia coli (13, 14, 30) and Pseudomonas aeruginosa (29) . It has been proposed that such complexes are representative of the in situ form of native endotoxin (29) . It is evident from the work of Rake and Sherp (24) and Menzel and Rake (18) that such a complex also exists in N. mneningitidis.
In this report we describe the isolation from N. meningitidis of a cell wall complex consisting of protein, lipid, lipopolysaccharide, and groupspecific polysaccharide. We have partially characterized this complex, as a whole as well as its individual components, and propose that it is representative of the outer cell wall layer in its native state.
MATERIALS AND METHODS
Bacterial strains. The strains of N. neniitingitidis were from the culture collection of the Department of Bacterial Diseases, Walter Reed Army Institute of Re- search. Cultures were preserved in the lyophilized state and used within one to six passages of original isolation. The strain used in the experiments described in this paper was the group B strain 99M, unless otherwise indicated.
Media and growth conditions. Lyophilized organisms were rehydrated with sterile water and grown overnight on BYE agar (Baltimore Biological Laboratories, Cockeysville, Md.) in a CO2 incubator at Boston, Mass.) to the medium at the time of inoculation.
Isolation of the native complex. Preparation NI. Cultures of meningococci grown as described above were centrifuged at 12,000 X g for 20 min to pellet the organisms. The culture medium supernatant fluid was decanted, filtered through a membrane filter (0.45 /Am pore size, Millipore Corp.) and concentrated 15-fold by ultrafiltration at 4 C by using a Diaflow PM-30 ultrafilter (Amicon Corp., Lexington, Mass.). The concentiate was centrifuged at 12,000 X g for 20 min, and the pellet was discarded. Ultracentrifugation of the suipernatant fluid at 80,000 X g for 2 hr produced a small, gel-like pellet. The supernatant fluid was removed and, in some experiments, fLirther processed as described for preparation CP below. The pelleted material, which is principally native complex, was suspended in water, centrifuged at 8,000 X g for 10 min to remove any aggregated cell debris, and repelleted by centrifugation at 100,000 X g for 2 hr. All centrifugation was done at SC.
Preparation 0. Pelleted organisms were suspended at room temperature in buffer containing 0.05 M sodium phosphate, 0.15 M NaCl, and 0.01 M ethylenediaminetetraacetic acid (EDTA), pH 7.4. The final volume was about one-tenth that of the original culture. The suspension of organisms was incubated at 60 C for 30 min and then subjected to mild shear by twice passing it through a 1-inch (2.5 cm), 23-gauge hypodermic needle by using manual pressure. Organisms were pelleted from the suspension by centrifugation twice at 12,000 X g for 20 min. The resulting supernatant fluid was then centrifuged at 80,000 X g for 2 hr, and the clear, gel-like pellets were suspended in water. The differential centrifugation steps were repeated, and the final product was stored frozen in water or dilute buffer.
Preparation CP. More high-molecular-weight material was recovered from the 100,000 X g supernatant fluid of the concentrated culture medium by addition of hexadecyltrimethylammonium bromide (Cetavlon) to 0.3%. The (38) . Unless otherwise stated, the gels were 7.5(' acrylamide made up in the running buffer, which consisted of 0.05 M sodium phosphate buffer and 0.1' SDS, pH 7.1. Thirty microliters of sample at a concentration of 2 to 10 mg ml was placed in a small tube with 10 ,uliters of I0"( SDS and 10 ,liters of 67'-glycerol, 0.03%( bromophenol blue. The addition of 2-mercaptoethanol to break disulfide bonds was found to have no effect on the band patterns and was, therefore, not routinely used. The samples were then heated to 100 C for 1 min, cooled to room temperature, and 10 to 20,uliters were layered on each gel. Electrophoresis was carried out at 4 ma tube for 3 hr at room temperature. Gels were stained for protein with Coomassie brilliant blue (38) and, in some cases, for carbohydrate with the periodic acid-Schiff reagent (41, 21 Veronal buffer (31) at room temperature overnight. After dehydration and prior to embedding, the samples were stained with uranyl acetate. Specimens were embedded in Epon 812, and ultrathin sections were cut with a Dupont diamond knife using an LKB ultramicrotome. The ultrathin sections were picked up on Formvar-coated, 100-mesh grids, poststained with lead citrate, and examined using an AEI 800 electron microscope. Analytical methods. Protein was determined by the method of Lowry et al. (17) by using bovine serum albumin as a standard.
Total carbohydrate, exclusive of amino sugars, was determined by the phenol-sulfuric acid method of Dubois et al. (4) .
Total hexose was determined by the anthrone reaction as described by Roe (28) .
Total LPS-bound 2-keto-3-deoxysugar acid was estimated by the thiobarbituric acid method of Weissbach and Hurwitz (39) as modified by Osborne (23) . The reaction product obtained with purified LPS absorbed maximally at 549 nm with no evidence of a second peak at 532 nm due to 2-deoxyaldose. Sialic acid standards were run and corrections made based on the sialic acid content of the sample as determined by the resorcinol reaction (36) .
Heptose was estimated by the cysteine-H2SO4 method as described by Osborne (23) . The reaction product obtained with purified LPS was found to have a definite absorption maximum at 505 nm. Esterfied fatty acid was determined by the procedure of Synder and Stephens (35) as modified by Haskins (8) .
Sialic acid was determined by the resorcinol method of Svennerholm (36) .
Total phosphorus was determined by the method of Chen et al. (2) as modified by Liu et al. (16) .
Chicken embryo toxicity test. Tests for toxicity in chicken embryos were carried out as described by Smith and Thomas (34) . Serial 10-fold dilutions of samples in 0.1 ml of sterile normal saline were injected onto the lowered chorioallantoic membrane of 10-dayold chicken embryos. Six to ten eggs were injected at each concentration. After closing the injection port with tape, the eggs were incubated in a non-turning tray at 38 ± 0.5C for 24 hr. At this time, the number of deaths was determined, and 50', lethal end points were calculated by the method of Reed and Muench (25 
RESULTS
Electron microscopy. The structure and morphology of the native complex and the organisms from which the complex was extracted were investigated by electron microscopy of thin sections. Native complex obtained from the culture medium supernatant fluid (preparation M) and that extracted from the organisms (preparation 0) are compared in Fig. 1 In Fig. 2 , control organisms from a 15-hr culture are compared with organisms from the same culture after extraction of native complex as described for preparation 0. The control organisms ( Fig. 2A) exhibit the characteristic multilayered cell envelope of gram-negative bacteria. Two trilaminar membranes are evident: the inner plasma membrane and the outer, endotoxin-containing membrane. Relative to the control organisms, the extracted organisms (Fig.  2B ) exhibit an outer trilaminar membrane that in many places has pulled away from the rest of the cell wall. In addition, some of the extracted cells appear to have lost most of the outer trilaminar membrane, but completely disrupted cells are rare. These results suggest that the complex extracted from the organisms predominantly represents fragments of the outer trilaminar membrane, although some contamination by plasma membrane and ribosomes cannot be excluded.
Analysis by sucrose density gradients. The homogeneity of "4C-labeled native complex obtained from the medium supernatant fluid (preparation M) and that extracted from the organisms (preparation 0) as described above was investigated by isopycnic centrifugation on sucrose density gradients (Fig. 3) . Both preparations yielded a single, relatively broad peak of similar density, but, in the case of the 0 preparation, the peak had a prominent shoulder which suggested some type of heterogeneity. In Fig. 3 , these two preparations are compared to material obtained from the 80,000 x g culture medium supernatant fluid by Cetavlon precipitation (preparation CP). Although the material in the CP preparation had probably not reached equilibrium by the end of the run, it was resolved into two distinct peaks, CP1 and CP2.
Analysis on SDS-polyacrylamide gels. The differences among the three preparations and the apparent heterogeneity of the 0 and CP preparations were investigated in more detail by SDS-PAGE. Samples were taken from the gradients at positions indicated by the arrows (Fig. 3) , and each sample was run on several gels. One set of gels was stained for observation of protein bands (Fig. 4) , whereas a second gel of each sample was sliced and assayed for radioactivity ( Fig. 5 and  6 ). It is evident from the stained gels (Fig. 4 (Fig. 3) . Tlhe gels were stained for protein with Coomassie brilliant blue. a, M preparation; b, 0 preparation, hight density fractionI; c, 0 preparation, low density fraction; d, CP preparation, peak 1; e, CP preparation, peak 2. (Fig. 3) were resolved by SDS-PAGE. The gels were sliced into 1-mm slices and assayed for radioactivity. The origin of the gels is at the left. A, M preparation; B, 0 preparationt, high density fraction; C, 0 preparation, low density fraction.
negative bacteria. The lipid fraction is rich in esterified fatty acids and contains 3.3%/o phosphorus, which suggests the presence of phospholipid. The group-specific polysaccharide fraction is composed almost entirely of sialic acid which is consistent with its identification as the group B polysaccharide (7, 15) .
The relative specific radioactivity of each of the four fractions derived from '4C-labeled native complex is given in Table 3 . The specific activity 6 . Electropherograms of two fractions of the CP preparation separated oni a sucrose density gradient (Fig. 3) . The samples were resolved by SDS-PAGE. Gels were theni sliced inlto I-mm slices anid assayed for radioactivity. The originz of the gels is at the left. a, Peak 1; b, peak 2. of the lipid fraction is 80-fold higher than the protein, and the polysaccharide fractions are 10-to 30-fold higher. These differences should be kept in mind when interpreting the distribution of radioactivity on polyacrylamide gels of material from cultures labeled with '4C-sodium acetate.
Analysis of the four separate fractions by SDS-PAGE allowed positive identification of the various bands observed when the whole complex is run on gels. The results are shown in Fig. 7 and 8. In Fig. 7 , the lipid and LPS each appear as a single, relatively broad band of radioactivity in front of and just behind the marker dye, respectively. The group-specific polysaccharide appears as a very broad band near the origin.
As seen in Fig. 8 presence on gels of a nonstaining band of radioactivity with an RF equal to that of purified LPS (Fig. 7) .
Properties of the protein component. The pattern of protein bands obtained in SDS-PAGE of native complex is reproducible and characteristic of the strain from which it is obtained. The protein band pattern obtained with eight group C strains is shown in Fig. 9 Electropheerograms of the purified components of "4C-labeled native complex after resolution by SDS-PAGE. The gels were sliced inito 1-mm slices and assayedfor radioactivity. The origini of the gels is at the left.
MENINGOCOCCAL CELL WALL COMPLEX
The individual protein bands on gels do not stain with the periodic acid-Schiff reagent, and the protein fraction as a whole is low in carbohydrate as determined by the phenol-sulfuric acid reaction. These results suggest that the major proteins are not glycoproteins.
The bulk of the protein is insoluble in water at neuLtral pH after isolation from the complex as described above. Several of the minor protein 1-ands, however, are fairly soluble under these conditions and can be partially separated from the remainder of the protein on the basis of this solubility difference (Fig. 10) .
The insoluble proteins are relatively resistant to dissociation and denaturation as judged by their behavior on SDS-PAGE following various treatments (Fig. 11) . Exposure of the proteins to chloroform-methanol and trichloroacetic acid in the process of separating them from the complex causes a shift in the position of several bands relative to their position prior to separation from the complex (Fig. 8 and 10 the gel with the periodic acid-Schiff reagent. An experiment was performed to test mobility of LPS in gels varying in total acrylamide concentration from 6 to 18 % A plot of the logarithm of the relative mobility of the center of the LPS band versus total gel concentration was found to be linear and extrapolated at zero gel concentration to the same free mobility as three protein markers (cytochrome c, ribonuclease, and chymotrypsinogen) run under the same conditions. This suggests that the LPS behaves in a manner very similar to proteins in SDS-PAGE. Thus, its RF in this system is primarily determined by its size and shape rather than its charge. The about 15 % LPS by weight, is nontoxic to chicken embryos at a level of 100 ,ug; but when the loosely bound lipid is removed from the complex with organic solvents, an LD50 of 2 to 4,ig is obtained. It appears that, in this particular system, the loosely bound lipid is able to mask the toxic effect of the LPS component. When LPS was separated from the complex with 25% trichloroacetic acid and then purified by chromatography on Sephadex G-200 in the presence of Triton X100 at pH 10.5, a purified LPS with an LD50 of 0.4 Mg was obtained. Preparations of LPS with the same level of toxicity were obtained by extraction of the complex with hot aqueous phenol. If, however, the purification was carried out by using gel filtration in the presence of SDS, a product was obtained which had an LD50 of 4.8 ,ug.
The dependence is evident if one compares the R, of the LPS peak in the electropherograms in Fig. 5, 6 , 7, and 12. By using well-characterized proteins as molecular size markers, the LPS-SDS complex has been found to have a molecular size nearly identical to that of an SDS-cytochrome c complex.
Immunogeriicity of the whole complex and its components. Most of the important cell surface antigens appear to be associated with the native complex. Native complex was found to be immunogenic in rabbits when 10-to 50-,ug injections were given intravenously over a 3-week period. Postimmunization sera from rabbits inoculated with native complex from the group B strain 99M were shown to have at least a 16-fold rise in antibody when tested by the hemagglutination assay by using sheep erythrocytes sensitized with purified group B polysaccharide. The same sera were found to have a 200-fold increase in bactericidal titer against strain 1381, a group C organism which shares protein antigens with 99M. In addition, the presence of anti-LPS antibody in these antisera has been detected in agar immunodiffusion experiments by using purified LPS.
In Table 5 are shown the results of bactericidal tests with antisera made to a variety of 99M antigens. Antiserum to native complex showed bactericidal activity against five meningococcal strains; a pattern identical to that shown by antiserum against whole organisms. Antibody against 99M polysaccharide had a very restricted killing capacity. In spite of exposure to denaturing conditions during isolation of the protein from the complex, both the soluble and insoluble protein fractions were found to be immunogenic in rabbits. The anti-protein antibody had a spectrum of bactericidal activity which was similar but not identical to antiserum against whole organisms or native complex. Purified LPS was only weakly immunogenic.
Comparison of native complex with phenolwater and aqueous ether extracts. The relationship between the native complex and antigen preparations obtained by several other common methods was investigated by SDS-PAGE. The yield of organisms from a single culture of 99M meningococci labeled with '4C-sodium acetate was divided into three parts, and each part was subjected to a different extraction procedure. The first part was treated in the normal way (preparation 0) to obtain native complex. The second part was extracted with hot phenolwater as described by Westphal et al. (40) , and a high-molecular-weight fraction was recovered from the aqueous phase by differential centrifugation between 20,000 x g and 100,000 X g. The third part was extracted with aqueous ether by using a modification of the method of Ribi et al. (26) . A 60% ethanol precipitate was obtained from the 20,000 x g supernatant fluid of the aqueous phase. These three antigen preparations were analyzed in duplicate on SDS-polyacrylamide gels. One set of gels was stained for protein, and the second set was sliced and assayed for radioactivity. The results are shown in Fig. 12 and 13. The phenol-water extract is predominantly LPS, but a small amount of a second nonprotein component is seen near the origin (Fig. 12) . No protein bands are visible on the stained gel (Fig. 13) . The aqueous ether extract, on the other hand, is principally protein, although a significant amount of LPS and a high-molecularweight material (presumably nucleic acid or group-specific polysaccharide) are present. Although some proteins are common to both the native complex and the aqueous ether extract, the protein pattern of the latter is much more complex (Fig. 13) . The distribution of radioactivity in the gel of native complex was identical to that shown in Fig. 5 . Both the phenol-water extract and the aqueous ether extract appear to contain only some of the constituents of the native complex. The aqueous ether extract contains, in addition, constituents not present in the native complex. DISCUSSION By using gentle methods, we have isolated a cell wall complex from the medium supernatant fluid and from the whole organisms of N. meningitidis cultures. The two types of preparations have been shown to be essentially identical on the basis of behavior on SDS-PAGE, appearance when examined by electron microscope, and chemical composition.
The cell wall complex (native complex) has been shown to have four major components: group-specific polysaccharide, lipid, protein, and lipopolysaccharide. These components sediment together in repeated washings of the complex and band together on sucrose density gradients. The relative proportion of each component in the complex is not fixed, but can vary within a preparation as was shown by analysis of fractions by SDS-PAGE after isopycnic density gradient centrifugation. The relative amount of each component in the complex is probably also dependent on the strain and the growth conditions. In general, however, the native complex from N. meningitidis has a high percentage of protein and a low percentage of LPS relative to the composition of similar complexes isolated from E. coli (13, 14, 30) . A complex released from P. aeruginosa by EDTA (29), however, was found to have a protein content approaching that which we have found for the native complex from meningococcus.
Native complex obtained from both medium and organisms appears to consist primarily of fragments of the outer trilaminar membrane of 12 . Electropherograms of two different extracts of the same 14C-labeled culture of meningococci (strain 99M) after resolution by SDS-PAGE. Gels were sliced into 1-mm slices and assayed for radioactivity. The origin of the gels is at the left. The corresponding electropherogram of native complex (preparation 0) from this culture was similar to that shown in Fig. 5 . Duplicate gels of the three extracts stained for protein are shown in Fig. 13 (33) .
The observation that nearly the same spectrum of bacterial killing was obtained with anti-protein antisera as with the homologous anti-whole organism antisera suggests that the protein antigens of the native complex are important in bactericidal reactions. The few differences observed in the spectrum of killing may reflect either alteration of some protein antigenic determinants by the fractionation procedure or the presence of anti-LPS antibody in the anti-whole organism and anti-native complex antisera, or both. The role of anti-LPS antibody in the bactericidal reactions which form the basis of the serotyping schemes of Gold and Wyle (6) and Frasch et al. (5) remains to be elucidated.
Further studies of the isolated components of the native complex will be required to elucidate their specific roles in the structure and biological functions of the cell wall.
